skeZetaZ muscle. J. Appl. Physiol.: Respirat. Environ. Exercise Physiol. 52 (2): 467-472, 1982 .-Previous studies suggest that fast-twitch skeletal muscle overloaded by surgical removal of synergists contains a greater percent of slow-twitch fibers than normal muscle. Therefore we examined subcellular systems known to represent biochemical properties of slowtwitch skeletal muscle by measuring myosin ATPase, Ca"' regulation of myofibril ATPase, Ca"' uptake of sarcoplasmic reticulum (SR), and marker enzymes of glycogenolysis in normal soleus (NS) and in normal (NP) and surgically overloaded (OP) plantaris muscles of adult female rats. The OP muscles were 65% larger than NP muscles (P < 0.001). Specific activity of myosin and myofibril ATPase was approximately 25% lower in OP compared with NP muscle (P < 0.05). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of myosin revealed the presence of more slow and less fast myosin light-chain components in OP muscles. Although SR of NP muscle took up u,ore Ca2+ than OP muscle during the initial 2-min phase of the reaction, total accumulation was similar for both groups. Marker regulatory enzymes of glycogenolysis collectively were reduced by 40% in OP compared with NP muscle (P < 0.001). Collectively the data are consistent with the concept that some muscle fiber types were converted from "fast" to "slow" in the OP muscle. mately 125 g were provided with food and water ad libitum. They were assigned to one of three groups designated as normal plantaris (NP) and soleus (NS) and overloaded plantaris (OP). The specific factors in the compensatory hypertrophy model that induce the enlargement remain unclear at present (14, 21) . Therefore the term overload is used rather loosely. Two series of experiments were performed. The first series focused on obtaining tissue for myofibril ATPase and SR Ca"+ uptake assays. The second series focused on obtaining tissue for myosin analyses and glycogenolytic enzyme assays. myosin ATPase; myofibril ATPase; sarcoplasmic reticulum; calcium metabolism; glycogenolytic enzymes RODENT FAST-TWITCH skeletal muscle overloaded by surgical removal of synergists contains a greater percentage of histochemically identifiable slow-twitch fibers than normal muscle (13, 17, 18) . However, the extent that this change in fiber types is manifested in terms of the overall biochemical profile of the overloaded muscle remains uncertain. Slow-twitch skeletal muscle (i.e., soleus) is characterized biochemically as having 1) a distinct myosin isozyme pattern with low ATPase activity that is labile after incubation at alkaline pH; 2) a sarcoplasmic reticulum (SR) with slow Ca2' uptake kinetics and a low Ca"' accumulation capacity; and 3) relatively low levels of marker glycogenolytic enzymes (7, 19, 25) . A study was therefore undertaken to investigate the biochemical properties of the above components in normal soleus and in normal and overloaded fast-twitch plantaris muscle.
Rats subjected to surgical manipulation were anesthetized with ketamine hydrochloride (10 mg/lOO g im). The dorsal muscles of both lower legs were surgically exposed. After the hamstring group had been longitudinally cut the Achilles tendon was gently separated from the gastrocnemius muscle and then dissected. To isolate the plantaris muscle, the gastrocnemius and soleus muscles were almost completely removed except for small portions near the proximal tendons. Following suturing, the animals were returned to their cages, housed in groups of four, and were studied 9-12 wk after surgery. Sham operations were not routinely performed, since we have previously observed no difference between sham and normal muscles with regard to the variables studied (unpublished observations).
Myofibril and myosin ATPase. Skeletal muscle myofibrils were prepared from fresh muscle samples as described previously (2, 3) . The final pellet was suspended in 150 mM KC1 and 20 mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) (pH 7.4), and the protein was adjusted to 6 mg/ml as determined by the biuret method (12).
METHODS
Myofibril ATPase was measured at 25°C in a 2-ml system containing 1 mM MgS04, 1 mM ATP, 2 mM, sodium azide, 1 mM ethyleneglycol-bis( P-aminoethylether)-N, N'-tetraacetic acid (EGTA), 30 mM KCl, 30 mM Trig-HCI, CaC12 (0.01-2.09 mM), and 0.3 mg/ml protein (pH 7.0). Activity was determined by measuring inorganic phosphate (Pi) release over a 2-min period using the technique of Fiske and SubbaRow (10). In this system, Ca2+ was buffered with EGTA so that free Ca2' was varied from a pCa2' of 8.5 to approximately 3.0 (28). Although pCa2+ was varied throughout the physiological range thought to exist in intact muscle, the assay was designed to maintain pMg2+, pMg-ATP, and ionic strength at near constant level (28). Experimental protocol and surgical procedure. FeMyosin was prepared from fresh muscle according to male rats of a Wistar strain initially weighing approxithe method of Shiverick et al. (27) . This procedure in- at 30°C using a 2-ml reaction system containing the following: 50 mM Tris-HCl, pH 7.4, 25 mM KCl, 5 mM ATP, 10 mM CaC12, and 0.25 mg/ml myosin. The reaction was initiated with ATP and terminated after 2 min with 1 ml of 10% trichloroacetic acid. Aliquots of the proteinfree filtrate were analyzed for Pi using the FiskeSubbaRow procedure (10). Activity was expressed as pm01 l mg-l . min?
In addition to this standard assay, samples of myosin also were preincubated at pH 9.5 in a 0.5 M glycine-
NaOH buffer for 10 min before being neutralized with 2 4 6 8 IO 12
Tris-HCl and assayed as described above at pH 7.4 (19).
Minutes
Control reactions were performed by treating aliquots of ing SR vesicles was prepared by homogenizing identical 0.05). amounts of fresh muscle for the two experimental groups (1 g/20 ml) in 10 mM sodium bicarbonate containing 5 7.4). Glycogen phosphorylase activity was measured by mM sodium azide and 1 mM dithiothreitol (pH 7.0). The the method of Brown and Brown (9). Hexokinase activity SR pellet was obtained by several differential centrifuwas determined in a system coupled with glucose-6-phosgation and washing cycles as described by Harigaya and phate dehydrogenase as described by Uyeda and Racker Schwartz (15) . We have found that the SR fraction is (29) . Phosphofructokinase activity was determined as essentially free of mitochondria, because the specific described by Mansour et al (22) . Cytoplasmic cx-glyceroactivity of cytochrome oxidase in the final pellet is less phosphate dehydrogenase activity was measured as dethan 3% that normally observed on a 14,000 g mitochonscribed by Holloszy and Oscai (16). Lactate dehydrogendrial pellet. ase activity was determined by the method of Pesce et al
The capacity of SR to take up (accumulate) calcium in (23) the presence of 2 mM sodium oxalate was determined at Spectrophotometric assays were performed in a Beck-25°C using a Millipore filtration technique (15). The man 25 spectrophotometer in l-ml cuvettes of l-cm light reaction mixture (6 ml) contained 5 mM MgS04, 5 mM path at 30°C. Reaction rates were proportional to enzyme ATP, 120 mM KCl, 2 mM Na oxalate, 40 mM histidine, concentration. Activities were expressed as pmol l g-' l 50 pg/ml SR, and 0.1 mM *"CaC& (0.5 ,&i/ml) (pH 6.8).
min-1
The reaction was initiated with ATP and followed over Statistical comparison between overloaded and control a period of 10 min. The reaction was sampled at selected groups for the various assays were made using a t test for intervals by filtering 0.5-ml aliquots of the reaction meindependent samples. The 0.05 confidence level was sedium through a Millipore filtering system (HA 0.5~pm lected for significance.
filter). The filter was rinsed with an additional 0.5 ml of Histochemistry.
Portions of normal-control and over-40 mM histidine buffer, and aliquots (0.05 ml) of the loaded plantaris skeletal muscle were mounted on cork filtered medium were placed along with 5 ml of Aquasol and quick frozen in isopentane cooled to -160°C by scintillation fluid into a vial and counted in a liquid liquid nitrogen. Sections (10 pm thick) were cut at -2O'C scintillation counter. Uptake was expressed on the basis in a cryostat. The sections were processed for myofibrillar of counts removed by the protein as a function of time ATPase, stained at pH 10.4, as described by Brooke and and was expressed as ,umol*mg protein-' (Fig. 1 (Fig. 4 ).
Myofibril and myosin ATPase. Yields of myofibrils for NP and OP muscles were similar (112 t 3 vs. 111 t 5 mg/g). ATPase of purified myofibrils was significantly reduced (P < 0.05) for any given free Ca"' concentration in OP as compared with NP muscles (Fig. 2) . The greatest difference was noted at a pCa2' of 5.5. This decrease in myofibril ATPase specific activity can be attributed, in part, to the lower ATPase specific activity observed for myosin prepared from OP muscles ( Table 1 ). Additional analysis of the myosin of OP muscle also showed that it was more labile than NP muscle when preincubated at alkaline pH (Table 1) . Furthermore, the electrophoretic patterns of the OP myosin light chains revealed the presence of a light-chain component typically observed only in slow-twitch muscle (25; Fig. 3 ). Also, these patterns suggest a decrease in the amount of fast myosin light-chain components in the OP compared with the NP muscles. We interpret these data to suggest that there are transformations in the myosin isozyme profile of OP . Scan shows profile for 100 pg of myosin loaded on a 7.5% gel and run for 2 h at 3 mA/tube. Term slow refers to slow light chain seen for slow myosin isozyme. Note differmuscle to reflect a larger slow myosin isozyme component. Sarcoplasmic reticulum. Rates of Ca2+ uptake (accumulation) by the SR fraction of both OP and NP muscles were typical of fast-twitch muscle (Fig. 1) . Although the NP muscles sequestered more Ca2+ than OP muscles during the initial 2-min phase of the reaction, both groups achieved similar amounts of totally accumulated calcium. Data on SR obtained from slow-twitch soleus muscle clearly show a markedly lower rate and capacity of Ca2+ uptake compared with that of the NP muscle (Fig. 1) . Therefore a shift in the SR Ca2+ uptake pattern of OP muscle did not suggest that a marked transformation in this biochemical system had taken place relative to a slow muscle.
Glycogenolytic enzymes. Each of the marker enzymes that was selected to represent important steps in the cytoplasmic pathway for glycogen metabolism were significantly reduced in OP compared with NP muscle (Table 1) . These reductions varied between 28 and 62%. All enzymes reflect a pattern shift in the direction of the soleus muscle. Total hexokinase activity, an enzyme involved in regulating glucose metabolism, was unchanged by the overload (Table 1) .
Histochemistry. Histochemical analyses of the deep and of the superficial regions of plantaris muscle revealed an increase in percent slow-twitch fibers in the deep (from 16 & 1 to 48 & 1%) and superficial (from 3 +_ 1 to 19 f 1%) regions of OP compared with the NP muscles (Fig. 4A) . The normal soleus for rats has about 86% slowoxidative and 14% fast-oxidative, glycogenolytic fibers (1). These histochemical findings suggest an overall fibertype conversion of approximately 33% in the direction for ence in size and staining pattern between 2 groups (x80). Bar in C represents 100 pm.
normal soleus muscle. It was also apparent that the (Yglycerophosphate dehydrogenase staining intensity was reduced in those fibers in which the ATPase lability to an alkaline pH had increased (a property characteristic of slow-twitch fibers (Fig. 4) .
DISCUSSION
Previous studies show that overloaded fast-twitch skeletal muscle contains a greater percentage of slow-twitch fibers as identified by histochemically derived myofibril ATPase activity (13, 17, 18) . The present results, in addition to confirming these findings, provide additional information to show that the biochemical properties of certain subcellular components of the whole muscle are quantitatively affected. Our findings on myosin and myofibril ATPase are consistent with the actomyosin data of Samaha and Thies (26) , which were obtained in adult rata subjected to plantaris overload for approximately 12 wk. Our results show, however, that a distinct change has taken place in the myosin isozyme pattern to account, at least in part, for the reduction in ATPase activity. Whereas our results on the glycogenolytic enzymes are in general agreement with our previous findings using the same overload model (2), they are in disagreement with the findings of no change in phosphofructokinase activity previously reported by Ianuzzo and Chen (17) for chronically overloaded plantaris muscle. The reason for this apparent discrepancy is unclear; however, these authors performed a unilateral rather than a bilateral overload.
These biochemical results suggest that one can induce significant changes in the biochemical composition of skeletal muscle while subjecting "intac t" muscle to an overload. The data on myosin, including ATPase specific activity, alkaline lability, light-chain electrophoretic patterns, and histochemical ATPase staining, provide evidence to suggest that a different isozyme is synthesized in some OP muscle fibers. This change in the biochemical expression of myosin is also manifest when the myofibril protein complex was evaluated for ATPase activity under physiological concentrations of calcium (Fig. 1) . We proposed previously that there is a relationship between glycogenolytic enzyme levels and the specific activity of actomyosin ATPase in different types of rodent muscle (6). The present findings on overloaded muscle support this concept in that these two systems maintained the normal relationship; i.e., in fibers in which myosin ATPase staining was reduced so was cx-glycerophosphate dehydrogenase (Fig. 4) . The significance of this relationship, although unclear at present, suggests that there may be some functional advantage to match the maximal rate of glycogen degradation with the maximal rate of ATP degradation during certain conditions of intense brief muscular activity. On the other hand, previous findings with developing (4) and conditioned (3) skeletal muscle suggest that the respiratory capacity of skeletal muscle fiber types is regulated independently of glycogenolytic enzyme activity and myofibril ATPase. In support of this observation, we have recently reported that the oxidative capacity for the substrates pyruvate and palmitate in OP muscle is not markedly affected by the same conditions of overload as used in the present study (5).
